The selective autophagy substrate p62 serves as a molecular link between autophagy and cancer. Suppression of autophagy causes p62 accumulation and thereby contributes to tumorigenesis. Here we demonstrate that autophagy deficiency promotes cell proliferation and migration through p62-dependent stabilization of the oncogenic transcription factor Twist1. p62 binds to Twist1 and inhibits degradation of Twist1. In mice, p62 up-regulation promotes tumor cell growth and metastasis in a Twist1-dependent manner. Our findings demonstrate that Twist1 is a key downstream effector of p62 in regulation of cell proliferation and migration and suggest that targeting p62-mediated Twist1 stabilization is a promising therapeutic strategy for prevention and treatment of cancer.
The selective autophagy substrate p62 serves as a molecular link between autophagy and cancer. Suppression of autophagy causes p62 accumulation and thereby contributes to tumorigenesis. Here we demonstrate that autophagy deficiency promotes cell proliferation and migration through p62-dependent stabilization of the oncogenic transcription factor Twist1. p62 binds to Twist1 and inhibits degradation of Twist1. In mice, p62 up-regulation promotes tumor cell growth and metastasis in a Twist1-dependent manner. Our findings demonstrate that Twist1 is a key downstream effector of p62 in regulation of cell proliferation and migration and suggest that targeting p62-mediated Twist1 stabilization is a promising therapeutic strategy for prevention and treatment of cancer.
SQSTM1 | melanoma | skin cancer | ubiquitination | proteasome M acroautophagy (hereafter autophagy) is a catabolic process by which cellular proteins, cytoplasm, and organelles are captured and targeted for proteolytic degradation in lysosomes (1, 2) . Autophagy dysfunction is associated with multiple human diseases, such as neurodegeneration, microbial infection, metabolic diseases, cardiovascular diseases, aging, and cancer (2) (3) (4) . The multidomain protein p62/A170/SQSTM1 (hereafter referred to as "p62") has been shown to be both a selective autophagy substrate and an autophagy adaptor protein that acts as a link between ubiquitination and autophagy (5, 6) . Several studies have demonstrated the oncogenic role of p62 in tumor formation and/ or progression (7, 8) through regulating NF-kappaB (9, 10) and NRF2 (11) (12) (13) . Furthermore, Ras induces p62 expression in tumorigenesis (10) . However, much remains to be elucidated with regard to its function and interaction with other critical cellular pathways.
The transcription factor Twist1 is a core regulator in both early embryonic morphogenesis and cancer development and metastasis (14) (15) (16) (17) . It induces loss of epithelial (E)-cadherin-mediated cellcell adhesion and facilitates the epithelial-mesenchymal transition (EMT) (16) , and it promotes cell proliferation (17) . Twist1 is a basic helix-loop-helix (bHLH) protein and is structurally unrelated to other EMT factors including Slug and Snail. Recent studies have shown that Twist1 is a labile protein regulated by the ubiquitin-proteasome system through the F-box protein and E3 ubiquitin ligase Ppa (18) . Despite these advances, the regulatory and functional role of Twist1 remains poorly understood. Here we demonstrate that p62 stabilizes Twist1 protein to increase cell proliferation and migration in vitro and in mice.
Results

Autophagy Deficiency Decreases E-Cadherin Expression and Promotes
Cell Migration, Invasion, and Proliferation. Two distinctive hallmarks of autophagy are the conversion of light chain 3-I (LC3-I) to LC3-II and the selective degradation of p62 (19, 20) . Multiple mammalian homologs of products of the autophagy-related genes (Atg) originally identified in yeast have been identified (3) . Compared with wild-type (WT) mouse embryonic fibroblast (MEF) cells, cells with Atg3, Atg5, Atg9, and Atg12 knockout (KO) blocked the conversion of LC3-I to LC3-II and induced p62 accumulation, indicating a deficiency of autophagy (Fig. 1A) . Expression of Ecadherin, a negative regulator of cell proliferation and migration, was decreased in all autophagy-deficient cells compared with WT cells (Fig. 1A) . A Matrigel invasion assay indicated that Atg3, Atg5, Atg9, and Atg12 KO MEF cells exhibit much higher invasion activity than WT cells (Fig. 1B) . A radius migration assay showed that autophagy deficiency promoted the migration ability of MEF cells (Fig. 1C) . Furthermore, autophagy deficiency increased cell proliferation (Fig. 1D) . Compared with normal human skin, in welldifferentiated human squamous cell carcinoma (SCC WD) and poorly differentiated SCC (SCC PD), p62 was up-regulated, whereas E-cadherin was down-regulated ( Fig. 1E ). Our data demonstrate that autophagy deficiency increases p62 levels, decreases E-cadherin expression, and promotes cell migration, invasion, and proliferation, and that the p62 levels are inversely associated with E-cadherin expression in human SCCs.
Autophagy Deficiency Inhibits Twist1 Degradation by Both
Autophagosome and Proteasome. To determine the mechanism involved in the regulation of E-cadherin by autophagy, we first used the protein synthesis inhibitor cycloheximide (CHX) and the proteasome inhibitor (MG132) to determine the effect of autophagy inhibition on the protein stability of E-cadherin. Neither CHX nor MG132 affected E-cadherin levels in WT or Atg5 KO cells (Fig. S1A) , suggesting that suppression of E-cadherin by autophagy deficiency occurs at the mRNA level. Compared with WT cells, the mRNA level of E-cadherin decreased in Atg5 KO MEF cells (Fig. S1B) , and the transcriptional activity of the WT E-cadherin promoter but not the E-box mutant E-cadherin promoter was also significantly decreased in Atg5 KO MEF cells compared with WT MEF cells ( Fig. 2A) . These results indicate that autophagy suppression down-regulates E-cadherin at the transcriptional level.
Significance
The selective autophagy substrate p62 has been shown to regulate inflammatory and redox pathways in tumorigenesis following autophagy suppression. Here we have elucidated the critical role of p62 in promoting cell proliferation and migration in vitro and tumor growth and metastasis in vivo through its molecular interaction with the oncogenic transcription factor Twist1. Our findings suggest that targeting the interaction between p62 and Twist1 has potential for cancer prevention and therapy.
Several E-cadherin transcriptional repressors have been characterized (Snail, Slug, ZEB1, and Twist1) and shown to act through an interaction with the proximal E-boxes of the E-cadherin promoter (21) (22) (23) . Compared with WT cells, we found that only Twist1 was up-regulated, whereas Snail, Slug, and ZEB1 were unaltered in Atg5 KO cells (Fig. 2B ). Autophagy deficiency increased the level of neural (N)-cadherin (Fig. 2B ) and the activity of the transcription factor TCF/lymphoid enhancer factor (LEF) complex (Fig. S1C) , the downstream pathways negatively regulated by E-cadherin (24) . Compared with WT MEF cells, Twist1 was up-regulated in cells with autophagy deficiency, whereas it was down-regulated in p62 KO MEF cells compared with WT cells (Fig. S1D) . However, autophagy inhibition had no effect on the mRNA level of Twist1 (Fig. S1E ). In addition, adding Twist1 to WT cells suppressed the expression of E-cadherin (Fig. S1F) , indicating that Twist1 is sufficient to suppress E-cadherin expression. In both WT and Atg5 KO cells, Twist1 and p62 colocalized in punctate structure with or without rapamycin treatment (Fig. 2C) . The p62-positive puncta in Atg5 KO cells are likely early autophagic structures as demonstrated in recent studies (25) . In contrast, Twist1 colocalized with LC3 in rapamycin-induced puncta only in WT cells, but not in Atg5 KO cells (Fig. 2D) . Similar to the regulation of p53 protein stability by autophagy (26) , autophagy inhibition increased the protein stability of Twist1, but did not completely block Twist1 degradation (Fig. 2E) , suggesting that Twist1 is degraded through autophagy and other pathways such as proteasome. Inhibition of proteasomes by MG132 increased Twist1 abundance in WT cells but not in autophagy-deficient cells (Fig. 2F and Fig. S1G ). These results indicate that Twist1 can be degraded through both autophagy and proteasome pathways.
To determine whether autophagy deficiency affects Twist1 levels in vivo in mouse epithelial tissue, we analyzed the protein levels of E-cadherin, p62, and Twist1 in the epidermis from mice with wild-type (WT, K14Cre;Atg7 +/+ ) and skin-specific Atg7 conditional knockout (K14Cre;Atg7 flox/flox , Atg7 cKO). Compared with WT epidermis, both p62 and Twist1 were up-regulated in the Atg7 cKO epidermis, in parallel with decreased Ecadherin expression (Fig. 2G and Fig. S1H ). Reconstitution of Atg7 in Atg7 KO cells restored autophagy, increased E-cadherin expression, and decreased p62 and Twist1 abundance (Fig. 2H) . and addition. Knockdown of p62 decreased Twist1 protein levels in both WT and autophagy deficiency cells (Fig. 3 A and B) . Addition of p62 to either WT or Atg5 KO cells increased the Twist1 levels ( Fig. 3C) , indicating the direct effect of p62 on the stability of Twist1. Reconstitution of p62 in p62 KO cells restored Twist1 abundance (Fig. 3D ). p62 addition increased Twist1 protein stability in 293T cells (Fig. 3E ), whereas it had no effect on the stability of Twist2 (Fig. S2A ), another member of the Twist subfamily of bHLH proteins regulating gene expression in development and cancer (17) . These findings demonstrated that p62 stabilizes Twist1 at least partially by preventing its proteasome degradation.
p62 Binds to Twist1 Through Its Ubiquitin-Associated Domain. To determine the role of p62 in Twist1 stabilization, we first assessed whether p62 binds with polyubiquitinated Twist1, which is important for selective degradation through the autophagosome-lysosome system. Using an immunoprecipitation (IP) assay, we found that endogenous p62 bound to ubiquitinated Twist1 (between 98 and 188 kDa) but not the nonubiquitinated Twist1 (28 kDa) in both WT and Atg5 KO MEF cells (Fig. 4A) .
A GST pulldown assay also showed that recombinant p62 bound to ubiquitinated Twist1 but not the nonubiquitinated Twist1 (Fig. 4B ). Endogenous Twist1 bound to p62 (Fig. 4C ). This interaction of p62 with Twist1 may be direct or indirect. Compared with WT cells, Twist1 bound more p62 in Atg5 KO cells, probably due to the increased availability of p62 in autophagydeficient cells, but bound less Rad23B (Fig. 4C) , which is crucial in delivery of proteasome substrates to proteasomes through its ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains (27) (28) (29) . Addition of Rad23B reduced the Twist1 protein levels in both WT and Atg5 KO cells (Fig. 4D) , suggesting that the stability of Twist1 is at least partially regulated competitively by its binding to either Rad23B or p62.
To test the role of the Twist box (WR) domain of Twist1, which is required for Xenopus Twist1 ubiquitination and degradation (18), we generated a WR deletion Myc-Twist1-ΔWR construct (Fig. 4E) . Using CHX and MG132, we found that WR deletion stabilized mammalian Twist1 (Fig. S2 B-D) . Immunoprecipitation analysis showed that the WR domain was required for the polyubiquitination of Twist1 and for Twist1 binding with p62 (Fig. 4F ).
p62 has been demonstrated to bind with polyubiquitinated proteins through its UBA domain (30) . To determine the role of the UBA domain of p62 in Twist1 binding, we generated a UBA deletion HA-p62-ΔUBA construct (Fig. 4E) . Immunoprecipitation analysis showed that the UBA domain was required for binding between polyubiquitinated Twist1 and p62 (Fig. 4F) . Taken together, our findings demonstrate that p62 binds with polyubiquitinated Twist1, and that the WR domain of Twist1 and the UBA domain of p62 are required for the interaction of Twist1 and p62.
Twist1 Lysine 175 Is Critical for Twist1 Ubiquitination, Degradation, and Binding with p62. We have shown that the WR domain of Twist1 required for Twist1 polyubiquitination (18) is essential for Twist1 interaction with p62 (Fig. 4) . However, there is no lysine site in the Twist1 WR domain (Fig. S3A) . To determine the lysine site critical for Twist1 ubiquitination, we generated individual lysine mutation constructs (lysine to arginine, K→R) for all lysines (Fig.  S3A) . The K175R Twist1 mutant showed much higher protein levels than WT and other Twist1 mutants, similar to WR deletion (Fig. 5A ). K175R mutation also increased Twist1 protein stability ( Fig. 5B and Fig. S3B ), indicating that lysine 175 is critical for Twist1 degradation. Immunoprecipitation analysis showed that the K175R mutation inhibits Twist1 polyubiquitination compared with wild-type Twist1 (Fig. 5C ), indicating that the K175 site is critical for Twist1 polyubiquitination. Both the K175R mutation and WR deletion abolished the binding of Twist1 with p62 (Fig. 5C ). K175R mutation and WR deletion also prevented the colocalization of Twist1 with p62 (Fig. 5D) , because the polyubiquitination of Twist1 mutants and the binding with p62 was blocked (Fig. 5C) . The Myc-Twist1-K175R mutant showed increased protein abundance and enhanced the suppression of E-cadherin compared with MycTwist1 (Fig. 5E ). p62 increased Myc-Twist1 levels and enhanced E-cadherin suppression in the presence of Myc-Twist1, whereas it did not affect E-cadherin expression in the presence of MycTwist1-K175R (Fig. 5E ). In contrast, whereas WR deletion increased abundance of the Twist1, it failed to affect the E-cadherin level (Fig. 5E ). This failure may be due to the requirement of the WR domain for Twist1 function (31) . These data indicate that K175 is critical for Twist1 ubiquitination, degradation, and interaction with p62 (Fig. 5F ).
Although K175 is critical for Twist1 polyubiquitination and stability, other lysine residues in Twist1 may also play a role. Therefore, we assessed the effect of other lysine mutations on the stability of Twist1. Mutation of all the K73, K76, and K77 sites or the K137 site together with the K175 site further inhibited Twist1 degradation, compared with K175 mutation alone, indicating that the K73, K76, K77, and K137 sites are also important for Twist1 degradation (Fig. S3C) . Single mutation analysis showed that Twist1 stability was increased by mutations of the K76, K77, or K137 sites but not K73 alone (Fig. S3D ).
p62 Promotes Tumor Cell Growth and Metastasis in Mice Through
Regulating Twist1. To determine the functional significance of the p62/Twist1 axis in cancer, we assessed the role of p62 in the proliferation and migration of tumor cells in vitro and the growth and metastasis of a xenografted tumor in mice. In A431 SCC cells that do not express endogenous Twist1, p62 addition had no effect on the E-cadherin level, cell proliferation, or cell migration ( Fig. 6 A-D) . When exogenous Twist1 was added, p62 increased the level of Twist1, decreased the expression of E-cadherin, and the colocation of E-cadherin with β-catenin at the plasma membrane, a process important for E-cadherin lossinduced cell migration (32) , and increased cell proliferation and migration (Fig. 6 A-D and Fig. S4A ). Using xenograft mouse models of tumor growth and metastasis, we found that in the absence of Twist1, p62 had no effect on tumor growth (Fig. 6E) or metastasis (no metastasis detected for either control or p62-added A431 cells). In the presence of Twist1, however, p62 increased tumor growth and metastasis (Fig. 6 E and F) .
Histological and immunohistochemical analysis showed that p62/Twist1 addition caused a loss of E-cadherin expression, increased the number of Ki67-positive cells, and caused a loss of tumor boundary compared with the control and Twist1-only groups, whereas p62 alone had no effect compared with the control group (Fig. S4B) . In human A375 melanoma cells that express endogenous Twist1, adding p62 increased both the Twist1 level (Fig. 6G ) and tumor growth in nude mice (Fig. 6H) , whereas knockdown of p62 decreased the Twist1 level (Fig. 6I ) and tumor growth in nude mice (Fig. 6J) . Inhibition of autophagy in A375 melanoma cells by Atg7 knockdown increased the level of Twist1 and p62 and tumor growth in nude mice (Fig. 6  I and J) . These results indicate that Twist1 regulation by p62 enhances tumor cell proliferation and migration in vitro and in vivo in mice.
To investigate the role of p62-mediated stabilization of Twist1 in EMT, a process critical for morphogenesis and cancer progression, we treated the control and p62 knockdown human epithelial cell line HaCaT cells that express low-level endogenous Twist1 with EGF and TGF-β for 48 h as described previously (33) . In control (Con) HaCaT cells, EGF/TGF-β induced EMT, decreased E-cadherin expression, and increased the protein levels of N-cadherin and the protein and mRNA levels of p62 and Twist1 (Fig. 6 K-M and Fig. S4C ). It appeared that EGF/TGF-β induced p62 expression before Twist1 up-regulation (Fig. 6K) . The mechanism by which loss of p62 protein up-regulation at 48 h (Fig. 6K ) requires further investigation; one possible mechanism is the induction of autophagy by TGF-β as shown by previous studies (34) . p62 induction is required for the upregulation of Twist1 protein and EMT, because knockdown of p62 inhibited Twist1 protein up-regulation and E-cadherin suppression and delayed EGF/TGF-β-induced EMT (Fig. 6K and Fig.  S4C ). However, p62 knockdown has no effect on Twist1 mRNA level (Fig. 6L) . These data indicate that p62 is required for Twist1 protein up-regulation and E-cadherin down-regulation in EGF/ TGF-β-induced EMT.
Discussion
In this study, we demonstrate that p62 promotes loss of Ecadherin, cell proliferation and migration in vitro, and tumor growth and metastasis in vivo through stabilizing Twist1. In autophagy-competent cells, Twist1 can be degraded through both autophagy and proteasome. However, in autophagy-defective cells, Twist1 degradation by autophagosome was blocked, whereas accumulated p62 binds with ubiquitinated Twist1 and thus inhibits Twist1 degradation by proteasome (Fig. 5F ). Accumulation of p62 inhibits Twist1 binding with Rad23B, which may act as a delivery protein for targeting Twist1 to proteasome for degradation (27) (28) (29) (Fig. 5F) . Consequently, increased level of p62 leads to the loss of the cell-cell adhesion mediator E-cadherin in advanced human skin SCC. Our findings here elucidate the critical previously unidentified role of the selective autophagy substrate p62 in tumor promotion and progression.
The posttranslational modifications of Twist1 and its impact on tumor growth and metastasis remain poorly understood. It was largely undetectable in healthy adult tissues but found to be up-regulated in multiple human cancers (35) (36) (37) (38) (39) . A recent study has shown that the ectopic expression of death effector domaincontaining DNA-binding protein (DEDD) in metastatic breast cancer cells MDA-MB-231 induces autophagy and increases degradation of the two major oncogenic transcription factors Snail and Twist through the autophagy-lysosome degradation system (40) . In addition, p62 has been shown to bind with ubiquitinated proteins to deliver these proteins such as the protein Tau (41) to proteasome for degradation (30) . Conversely, our study demonstrates that p62 inhibits Twist1 protein degradation, without affecting Snail, through both autophagy and proteasome. In autophagy-deficient cells, the resulted up-regulation of p62 binds with ubiquitinated Twist1 to reduce Twist1 binding with Rad23B and to thus inhibit Twist1 degradation through proteasome. This discrepancy may be due to (i) the different cell types or autophagy modulation investigated and (ii) the dependence on protein substrates, including Twist1. Indeed, previous studies have shown that p62 binds with ubiquitinated p53, thus inhibiting its proteasome degradation at least partially through reducing p53 binding with a proteasome shuttle protein p97 (26) . Future experiments will elucidate the distinct role of p62 in regulating stability of different proteins.
Multiple mechanisms may be involved in the effect of p62 interaction with polyubiquitinated Twist1 on Twist1 transcriptional activity. Interaction of p62 with polyubiquitinated Twist1 may increase nonubiquitinated Twist1 abundance through an equilibrium between these two forms of Twist1. It is also possible that p62-Twist1 interaction regulates the transcriptional activity of ubiquitinated Twist1. Further investigation is needed to elucidate the precise mechanism of regulation of Twist1 activity by p62.
In addition to K175, other lysines including K76, K77, and K137 also have a role in Twist1 degradation, suggesting that other regulatory pathways regulate Twist1 stability and function by promoting modifications of one or a combination of two or more of these lysines. Furthermore, we found that the UBA domain of p62 is required for binding with Twist1 and for the p62/Twist1 interaction. The potentially distinct consequences of Twist1 binding with p62 and Rad23B that contain a UBA domain may be due to the different structures of p62 and Rad23B and be substrate-or Twist1 specific.
Recent reports have implied an oncogenic role of p62 in several human cancers (42) (43) (44) . In human skin SCCs, we found that accumulation of p62 is inversely correlated with E-cadherin abundance (Fig. 1E) . Previous reports have shown that p62 promotes the activation of the NF-kappaB and NRF2 pathways in the pathogenesis of cancer (9) (10) (11) (12) (13) . In addition, inhibition of selective autophagy has been demonstrated to cause sequestration of RhoA in the autophagosomes and deregulation of multiple cellular The results were obtained from three independent experiments [mean ± SD (error bars), n = 3; *P < 0.05; compared with WT Con cells (B); # P < 0.05; compared with the WT E-cadherin promoter (B); *P < 0.05; compared with the Con, A431-p62, and A431-Twist1 groups (E ); and **P < 0.01; compared with the A431-Twist1 group (F )].
processes, including cell motility (45, 46) . Here our findings indicate that the oncogenic role of p62 in cell proliferation and migration in vitro and in vivo can be mediated via regulating Twist1.
In addition to p62-mediated Twist1 stabilization following autophagy inhibition, p62 is required for the up-regulation of Twist1 protein induced by EGF/TGF-β. The p62/Twist1 axis may also play an important role in Ras-driven cancers, including lung and pancreatic cancers, because Ras induces p62 expression (10) . Future experiments will demonstrate the importance of the p62/ Twist1 interaction in cancer progression as well as morphogenesis. In addition to Twist1, recent studies have shown that selective autophagy also regulates RhoA signaling involving p62 (45, 46) . Further investigations are under way in our laboratory to demonstrate the significance of autophagy/p62/Twist1 in tumorigenesis and tumor progression using clinically relevant genetic mouse models.
In summary, we have demonstrated that the autophagy adaptor p62 promotes cell proliferation and migration in vitro and increases tumor growth and metastasis in mice through stabilizing the oncogenic protein Twist1. Our findings suggest that intervention of Twist1 stabilization through its interaction with p62 may be a promising therapeutic strategy for the prevention and treatment of cancer.
Experimental Procedures
All human specimens were studied after approval by the University of Chicago Institutional Review Board. All 
